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COMMUTATORLESS DIRECT CURRENT MOTOR
DRIVE SYSTEM

This invention is directed to a drive system for com- 5
mutatorless direct current motors of the type having a
permanent magnet rotor and polyphase stator phase
windings and, more specifically, to a drive system of
this type that initiates permanent magnet rotor rotation
from standstill upon-the application of supply potential
and sustains rotor rotation by sequential energization of
the polyphase stator phase windings in response to the
phase displaced alternating. current potential wave-
forms induced in the stator phase windings upon rotor

—

rotation. 15

Commutatorless direct current electric motors are
well known in the art. Typically, these motors have a
permanent magnet rotor that is magnetized with alter-
nate magnetic poles across the rotor diameter and a

polyphase stator having a plurality of phase windings 20

that may be individually energized by an applied supply
potential source. To sustain rotor rotation, the stator
phase windings are sequentially energized to produce a
rotating magnetic field. Motors of this type, therefore,

require a method for determining rotor position so.that 25

the individual stator phase windings may be sequen-
tially energized at the proper time relative to rotor
position. Typically, optical devices, Hall effect devices
or high frequency energized transformers are employed

to detect rotor position and produce switch signals at 30

the proper rotor positions to sequentially energize the
stator phase windings in a manner to sustain rotor rota-
tion. As these rotor position sensing devices require
provisions for mounting them on the motor and present

maintenance problems, a commutatorless direct current 35

motor drive system that does not require rotor position
sensing devices is desirable. :

It is, therefore, an object of this invention to provide
an improved commutatorless direct current motor drive

system. ’ 40

- It is another object of this invention to provide an
improved commutatorless direct current motor drive
system that is capable of initiating rotor rotation from
standstill upon the application of supply potential and

sustaining rotor rotation after start. 45

It is an additional. object of this invention to provide
an improved commutatorless direct current motor drive
system that provides for the sequential energization of
the phase windings of a polyphase stator in response to

the phase displaced alternating current potential wave- 50

forms induced in the stator phase windings by the mag-
netic field of the permanent magnet rotor upon rotor
rotation.

-In accordance with this invention, a commutatorless

direct current motor drive system is provided wherein 55

the polyphase stator phase windings of the motor are
individually energized in sequence by an applied supply
potential source in response to the phase displaced alter-
nating current potential waveforms induced in the sta-

tor phase windings by the magnetic field produced by a 60

permanent magnet rotor upon rotor rotation.

For a better understanding of the present invention,
together with additional objects,’ advantages and fea-
tures thereof, reference is made to the following de-

scription and accompanying drawing in which: 65

FIG. 1 sets forth the commutatorless direct current
motor drive system of this invention in schematic form;

0
- the interest of reducing the complexity of FIG. 1 of the

2

FIG. 2 is a set of curves useful in understanding the
operation of the circuit of FIG. 1.

As point of reference or ground potential is the same
point electrically throughout the system, it is illustrated
in FIG. 1 by the accepted schematic symbol and refer-
enced by the numeral 5.

The supply potential source may be a conventional
storage battery 3 or any other suitable direct current
potential source having current and voltage capabilities
consistent with the requirements of the application. In

drawing, specific connections between battery 3 and
various portions of the system that require operating
potential have not been shown. It is to be specifically
understood, however, that, upon the application of
operating potential, all of the points of the system iden-
tified by a plus sign within a circle are connected to the
positive polarity output terminal of battery 3 or any
other direct current potential source that may be em-
ployed having direct current output voltage and cur-
rent ratings consistent with the operating potential re-
quirements of the circuitry of FIG. 1.

The commuatorless direct current motor drive sys-
tem of this invention employs four operational amplifier
circuits. In an actual embodiment, the operational am-
plifier circuits employed are of the Norton type such as
those marketed commercially by the National Semicon-
ductor Corporation under the designation LM3900, As
these operational amplifier circuits may be commer-
cially available items well known in the art and, per se,
form no part of this invention, each has been illustrated
in FIG. 1 of the drawing by the accepted schematic
symbol for Norton type operational amplifiers. Further-
more, the Notron type operational amplifier circuit is
only an example of an operational amplifiér circuit suit-
able for use with the system of this invention, conse-
quently, there is no intention or inference of a limitation
thereto as other circuit elements having similar electri-
cal characteristics may be substituted therefor without
departing from the spirit of the invention. Whereas the
conventional operational amplifier circuit differences
input voltages, the Norton type operational amplifier
circuit differences input currents. Therefore, large val-
ued external input resistors are employed to convert
from input voltages to input currents. Briefly, the Nor-
ton type operational amplifier circuit operates in such a
manner that when current flow into the plus (+) input
terminal is of a magnitude greater than that flowing into
the minus (—) input terminal, the output signal of the
device rises to a magnitude substantially equal to supply
potential and when current flow into the minus (=)
intput terminal is of a magnitude greater than that flow-
ing into the plus (+) input terminal, the output signal of
the device goes to substantially ground potential.

The commutatorless direct current motor 6 includes a
polyphase stator 7 having three stator phase windings
A, B and C and a permanent magnet rotor 8 magnetized
across the diameter thereof with north and south mag-
netic polés. The motor illustrated in FIG. 1 is of the
two-pole permanent magnet rotor type having a three-
phase stator with one terminal end of each of the three
stator phase windings connected to a common node N.
The permanent magnet rotor 8 is arranged to be rotated
in magnetic coupling relationship with the stator phase
windings A, B and C whereby upon rotor 8 rotation, the
rotor 8 magnetic field induces alternating current poten-
tial waveforms in the stator phase windings A,Band C
that are phase displaced from each other by the number
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of electrical degrees determined by the number of stator
phases. With a three-phase stator as illustrated in FIG.
, these induced alternating current potential wave-

forms are phase displaced from each other by 120 elec-

trical degrees.

The supply potential source, battery 3 may be applied
across and disconnected from the commutatorless di-
rect current motor drive system of this invention by a
single pole-single throw electrical switch 10 having a
movable contact 11 and a stationary contact 12 or any
other suitable electrical switching device.

In a manner later to be explained, stator phase wind-
ings A, B, and C may be individually energized by an

—

0

applied supply potential source such as battery 3 .

through respective individual stator phase winding en-
ergizing circuits, each of which is arranged for connec-
tion across an external supply potential source. The
energizing circuit for stator phase winding A includes
lead 9, movable contact 11 and stationary contact 12 of
switch 10, lead 13, node N, stator phase winding A, lead
14, the current carrying elements of NPN transistor
Darlington pair 15 and point of reference or ground
potential 5. The energizing circuit for stator phase
winding B includes lead 9, movable contact 11 and
stationary contact 12 of switch 10, lead 13, node N,
stator phase winding B, lead 16, the current carrying
elements of NPN transistor Darlington pair 17 and
point of reference or ground potential 5. The energizing
circuit for stator phase winding C includes lead 9, mov-
able contact 11 and stationary contact 12 of switch 10,
lead 13, node N, stator phase winding C, lead 18, the
_current carrying elemenis of NPN transistor Darlington
pair 19 and point of reference or ground potential 5.
These energizing circuits -are arranged for connection
across an external supply potential source through lead

9 and switch 10 and through point of reference or

ground potential 5.

The commutatorless direct current motor drive sys-
tem of this invention is composed of one start circuit
including the circuitry set forth within dashed-line rect-
angle 20 that is active only at or near zero permanent
magnet rotor 8 rotational speed for initiating rotor 8
rotation from standstill whereby the phase displaced
potential waveforms are initially induced in the stator
phase windings A, B and C and three identical commu-
tation circuits, each including the circuitry set forth
within respective dashed-line rectangles 21, 22 and 23.
In a manner to be later brought out in detail, the com-
mutation circuits 21, 22 and 23 are responsive to the
phase displaced potential waveforms induced in stator
phase windings A, B and C for sustaining rotor 8 rota-
tion by sequentially completing and later interrupting
the respective hereinabove-described individual stator
phase winding energizing circuits. Each of commuta-
tion circuits 21, 22 and 23 corresponds to a respective
stator phase winding A, B and C and each is operational
to effect the completion of the stator phase winding
energizing circuit for the stator phase winding to which
it corresponds in response to each negative going por-
tion of the potential waveform induced in that stator

phase winding and to effect the interruption of this

energizing circuit in response to a predetermined poten-
tial level during a positive going portion of the potential
waveform induced in another one of the stator phase
windings. whereby, after initiation of rotor 8 rotation
from standstill by start circuit 20, the stator phase wind-
ings A, B and C are sequentially energized and later
deenergized in response to the phase displaced alternat-

25
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4.
ing current potential waveforms induced in the stator
phase windings A, B and C to produce a rotating mag-
netic field that sustains rotor 8 rotation.

Referring to the start circuit 20, the circuit combina-
tion including Norton operational amplifier circuit 25,
input resistors 26 and 27 and the feedback network
including the parallel combination of resistor 24 and
series connected capacitor 28 and resistor 29 comprise a
conventional monostable multivibrator circuit.- As is
well known in the art, the monostable multivibrator
circuit normally operates in a stable state; may be trig-
gered to an alternate state for a predetermined duration
of time as established by an associated timing network
and spontaneously. returns to the original stable state
upon the termination of the predetermined time dura-
tion. As the minus (—).input terminal of Norton opera-
tional amplifier circuit 25 is connected to the positive
polarity output terminal of the supply potential source
through input resistor 26, the output signal of Norton
amplifier circuit 25 upon junction 30 is substantially
ground potential while this monostable multivibrator
circuit is in the normal stable state. Upon the initial
application of supply potential by electrically closing
movable contact 11 of switch 10 to stationary contact
12, all of the capacitors of the circuit are discharged,
consequently, an arbitrary phase winding A, B or C is
generally energized and NPN transistor 32 is not con-
ductive. With NPN transistor 32 not conducting, capac-
itor 33 charges across the supply potential source
through charging resistor 34. When capacitor 33 has
charged to a direct current potential level of a magni-
tude sufficient to supply more current through input
resistor 27 to the plus (+) input terminal of Norton
operational amplifier circuit 25 than is supplied by the
supply potential source to the minus (—) input terminal
thereof through input resistor 26, the monostable multi-
vibrator circuit is triggered to the alternate state in
which the output signal thereof upon junction 30 rises
to a potential level approximately two diode drops less
than that of the supply potential. While the monostable
multivibrator circuit is in the alternate state, the output
direct current potential signal pulse upon junction 30
supplies base-emitter drive current to NPN transistor 32
through resistor 36. This drive current triggers NPN
transistor 32 conductive through the collector-emitter
electrodes to discharge capacitor 33. Additionally, the
monostable multivibrator circuit output signal pulse
upon junction 30 is applied to and supplies current
through diode 37, resistor 38 and lead 39 to the plus (4)

“input terminal of Norton operational amplifier circuit 40

of commutation circuit 21; supplies .current through
diode 41, resistor 42 and lead 43 to the minus (—) input
terminal of Norton operational amplifier circuit 50 of
commutation circuit 22; supplies charge current for
capacitor 44 through charging resistor 45 and supplies
current through diode 46, resistor 47 and lead 48 to the .
minus (—) input terminal of Norton operational ampli-
fier circuit 60 of commutation circuit 23. The flow of
current through diode 37, resistor 38 and lead 39 into
the plus (+) input terminal of Norton operational am-
plifier circuit 40 forces the triggering of this device to
the condition in which the output signal thereof upon
junction 51 is of a level substantially equal to supply
potential; the flow of current through diode 41, resistor
42 and lead 43 into the minus (—) input terminal of
Norton operational amplifier circuit 50 forces the trig-
gering of this device to the condition in which the out- .
put signal thereof upon junction 52 is substantially



4,262,236

5

ground potential; the flow of current through diode 46,
resistor 47 and lead 48 into the minus (—) input terminal
of Norton operational amplifier circuit 60 forces the
triggering of this device to the condition in which the
output signal thereof upon junction 53 is substantially
ground potential and the flow of charge current
through capacitor 44 and resistor 45 charges capacitor
44 to a potential level equal to approximately two diode
drops less than that of the supply potential with the
junction between capacitor 44 and resistor 45 being
approximately one diode drop above ground potential.
The positive polarity potential signal upon junction 51
of commutation circuit 21 supplies base-emitter drive
current through resistor 54 to the NPN transistor Dar-
lington pair 15 including an emitter resistor 56 to trigger
this NPN transistor Darlington pair conductive
through the current carrying elements thereof. Upon
the conduction of NPN transistor Darlington pair 15,
the previously described stator phase winding A ener-
gizing circuit is completed and may be traced from the
positive polarity output terminal of battery 3, through
lead 9, closed contacts 11 and 12 of switch 10, node N,
phase winding A, lead 14, the current carrying elements
of NPN transistor Darlington pair 15 and point of refer-
.ence or ground potential 5 to the negative polarity
output terminal of battery 3. As substantially ground
potential is present upon junctions 52 and 53, the indi-
vidual energizing circuits for phase windings B and C
-are not completed at this time, consequently, these
phase windings are not energized. While the monosta-
ble multivibrator circuit of start circuit 20 is in the alter-
nate state, rotor 8 aligns with the magnetic field pro-
duced by energized stator phase winding A and settles
in this aligned position. Therefore, the duration of time
that the monostable multivibrator circuit of start circuit
20 remains in the alternate state is determined by the

6

22 through lead 43 and resistor 45 into capacitor 44 to
discharge this device. The duration of this signal pulse is
established by the RC time constant of resistor 45 and
capacitor 44 and is applied to the minus (—) input termi-
nal of Norton operational amplifier circuit 50. As a
result of this flow of current out of the minus (—) input
terminal of Norton operational amplifier circuit 50, this
device abruptly switches to the condition in which the
output signal thereof upon junction 52 is of a magnitude
substantially equal to supply potential. This positive

. polarity potential signal upon junction 52 supplies base-

20
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period of time necessary for rotor 8 to align with the -

magnetic field produced by energized stator phase
.winding A. In the actual embodiment, this time period
is of the order of 0.3 of a second. At the conclusion of
_ the timing period as determined by the RC time con-
stant of timing capacitor 28 and resistor 29 in the feed-
back circuit of Norton operational amplifier circuit 25
of the monostable multivibrator circuit of start circuit
20, this monostable multivibrator circuit spontaneously
reverts to the stable condition of operation in which the
output signal thereof upon junction 30 is of substantially
ground potential. With a substantially ground potential
signal upon junction 30, timing capacitor 28 discharges
through diode 55 to reset start circuit 20. As the poten-
tial across capacitor 44 can not change instantaneously
when the signal upon junction 30 goes to substantially
ground potential, the potential upon the junction be-
tween capacitor 44 and resistor 45 goes negative by an
amount equal to the reduction in potential upon junc-
tion 30. For example, with a 12 volt direct current sup-
ply potential source, the potential upon junction 30 is of
the order of 11 volts and the potential upon the junction
between capacitor 44 and resistor 45 is of the order of
0.5 volt while the monostable multivibrator circuit of
start circuit 20 is in the alternate state. When this mono-
stable multivibrator circuit reverts to the stable state,
the potential upon junction 30 goes from 11 volts to
approximately 0.5 volt and the potential upon the junc-
_ tion between capacitor 44 and resistor 45 goes to the
order of negative 10.5 volts. As a consequence, current
is drawn from the minus (—) input terminal of Norton
operational amplifier circuit 50 of commutation circuit

40

45

50

55

60

65

emitter drive current through resistor 57 to the NPN
transistor. Darlington pair 17 including an emitter resis-
tor 58 to trigger this NPN transistor Darlington pair
conductive through the current carrying elements
thereof. Upon the conduction of NPN transistor Dar-
lington pair 17, the previously described stator phase
winding B energizing circuit is completed and may be
traced from the positive polarity output terminal of
battery 3, through lead 9, closed contacts 11 and 12 of
switch 10, node N, stator phase winding B, lead 16, the
current carrying elements of NPN transistor Darlington
pair 17 and point of reference or ground potential 5 to
the negative polarity output terminal of battery 3. Upon
the energization of stator phase winding B, the resultant
magnetic field produced by energized stator phase
windings A and B is to the left, as viewing FIG. 1, of
that produced by energized stator phase winding A.
This shift of stator magnetic field initiates rotation of
rotor 8 in a counterclockwise direction at a speed
greater than the minimum commutation speed. Start
circuit 20, therefore, effects the initiation of rotor 8
rotation from standstill at a speed greater than minimum
commutation speed. For a start of rotor 8 rotation in a
clockwise direction, the energization of stator phase
winding C rather than stator phase winding B may be
forced after rotor 8 has aligned with the magnetic field
produced by energized stator phase winding A. This
may be effected by connecting the combination of series
connected capacitor 44 and resistor 45 to the minus (—)
input terminal of Norton operational amplifier circuit 60

-of commutation circuit 23. As will be brought out later

is this specification, the system of this invention oper-
ates to sustain rotor 8 rotation after the initiation of
rotor 8 rotation from standstill.

From the foregoing description, it is apparent that
start circuit 20 includes a monostable multivibrator
circuit that produces a first electrical output signal pulse
of a predetermined duration as established by the RC
time constant of .timing capacitor 28 and resistor 29
upon the application of supply potential and a capacitor
44 and a resistor 45 that produces a second opposite
polarity electrical output signal pulse of a predeter-
mined duration as established by the RC time constant
of capacitor 44 and resistor 45 upon the termination of
the first output signal pulse. In a manner to be later
explained, start circuit 20 is disabled while rotor 8 rota-
tion is sustained by the operation of the system of this
invention.

While rotor 8 is rotating, the magnetic field of rotat-
ing rotor 8 induces alternating current potential wave-
forms in stator phase windings A, B and C that are
phase displaced from each other by 120 electrical de-
grees and are superimposed upon the direct current
potential level of the supply potential source as illus-
trated by the curve of FIG. 2A wherein the supply
potential source potential level is referenced by the
notation B+. These induced potential waveforms are of
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a frequency and amplitude directly proportional to the
rotational speed of rotor 8. However, in a manner to be
later explained, the NPN transistor Darlington pairs 15,
17 and 19 are conductive part of the time and not con-
ductive part of the time. While NPN transistor Darling-
ton pair 15 is not conductive, the potential level upon
Jjunction 63 is substantially equal to the sum of the alter-
nating current potential waveform induced in stator
phase winding A by the rotor 8 magnetic field and the
potential level of the supply potential source and while
NPN transistor Darlington pair 15 is conductive, the
potential level upon junction 63 is substantially ground,
as illustrated by the curve of FIG. 2B, While NPN

10

transistor ‘Darlington pair 17 is not conductive, the .

potential level upon junction 64 is substantially equal to
the sum of the alternating current potential waveform
induced in stator phase winding B by the rotor 8 mag-
netic field and the potential level of the supply potential
source and while NPN transistor Darlington pair 17 is
conductive, the potential level upon junction 64 is sub-
stantially ground, as illustrated by the curve of FIG. 2C.
While NPN transistor Darlington pair 19 is not conduc-
tive, the potential level upon junction 65 is substantially
equal to the sum of the alternating current potential
waveform induced in stator phase winding C by the
rotor 8 magnetic field -and the potential level of the
supply potential source and while NPN transistor Dar-
lington pair 19 is conductive, the potential level upon
junction 65 is substantially ground, as illustrated by the
curve of FIG. 2D. ‘

Commutation of NPN transistor Darlington pairs 15,

17 and 19 is achieved by sensing the potential level of
the stator phase windings A, B and C. This commuta-
tion is effected by commutation circuits 21, 22 and 23
that are responsive to the phase displaced potential

waveforms that are induced in stator phase windings A, -

B and C by the rotating magnetic field of rotor 8. The
potential level of stator phase winding A appears upon
Jjunction 63 and is filtered by resistor 67, diode 68, ca-
pacitor 69 and diode 70. The potential level of stator
phase winding B appears upon junction 64 and is fil-
tered by resistor 71, diode 72, capacitor 73 and diode 74,
The potential level of stator phase winding C appears
upon junction 65 and is filtered by resistor 75, diode 76,
capacitor 77 and diode 78. In addition, it is the function
of diodes 70, 74 and 78 to prevent the potential upon
respective junctions 81, 82 and 83 from increasing to a
potential level greater than one diode drop above the
level of the supply potential. The combination of resis-
tor 67, diode 68 and capacitor 69 functions as a voltage
peak follower circuit whereby the charge upon capaci-
tor 69 follows the change of potential level upon junc-
tion 63; the combination of resistor 71, diode 72 and
capacitor 73 functions as a voltage peak follower circuit
whereby the charge upon capacitor 73 follows the
change of potential level upon junction 64; and the
combination of resistor 75, diode 76 and capacitor 77
functions as a voltage peak follower circuit whereby the
charge upon capacitor 77 follows the change of poten-
tial level upon junction 65.

In each of the curves of FIG. 2, the supply potential
level is referenced by the notation B--. Referring to
FIG. 2, upon the initiation at time T, of rotor 8 rotation
in a counterclockwise direction at a speed greater than
the minimum commutation speed in a manner herein-
above explained with reference to start circuit 20, the
potential level upon each of junctions 63 and 64 is sub-
stantially ground, as illustrated by respective curves 2B
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8

and 2C, for the reason that both NPN transistor Dar-
lington pairs 15 and 17 are conductive through the
current carrying elements thereof and the potential
upon junction 65 is of substantially supply potential for
the reason that transistor Darlington pair 19 is not con-
ductive through the current carrying elements thereof,
as illustrated by curve 2D.

As rotor 8 rotates between times T, and T of FIG. 2,
the signal upon each of junctions 63 and 64 remains at
substantially ground potential, as illustrated by respec-
tive curves 2B and 2C, and the alternating current po-
tential waveform induced in phase winding C by the
magnetic field of rotating rotor 8 increases in a positive
going direction from the supply potential level and
appears upon junction 65, as illustrated by curve 2D.
This increasing potential upon junction 65 charges ca-
pacitor 86 of commutation circuit 21 through lead 84
and resistor 85. When, at time . T}, capacitor 86 has
charged to a direct current potential level of a magni-
tude sufficient to supply more current through input
resistor 87 to the minus (—) input terminal of Norton
operational amplifier circuit 40 than is supplied to the
plus (+) input terminal thereof through input resistor
88 from the positive polarity output terminal of the
supply potential source, Norton operational amplifier
circuit 40 is abruptly triggered to. the condition in which
the output signal thereof upon junction 51 is of substan-
tially ground potential. With a substantially ground
potential signal upon junction 51, NPN transistor Dar-
lington pair 15 is triggered not conductive to interrupt
the previously described stator phase winding A ener-
gizing circuit. Upon the interruption of this energizing
circuit, the alternating current potential waveform in-
duced in phase winding A by the magnetic field of
rotating rotor 8 is superimposed upon the direct current
supply potential and appears upon junction 63, as illus-
trated by the curve 2B.

As rotor 8 rotates between times T; and T, the alter-
nating current potential waveform induced in phase
winding A by the magnetic field of rotating rotor 8 that
appears. upon junction 63 passes through B+ from a
negative to a positive polarity direction and further
increases in a positive going direction toward the maxi-
mum positive polarity level, as illustrated by curve 2B;
the signal upon junction 64 remains at substantially
ground potential as NPN transistor Darlington pair 17
is still conductive, as illustrated by curve 2C; and the
alternating current potential waveform induced in
phase winding C by the magnetic field of rotating rotor
8 that appears upon junction 65 increases to and passes
through the maximum positive polarity level and de-
creases in a negative going direction through B+, as
illustrated by curve 2D. The potential waveform upon
junction 65 is followed by a corresponding charge upon
capacitor 77. When, at time T, the charge upon capaci-
tor 77 has decreased to a direct current potential level of
a magnitude that is insufficient to supply more current
through input resistor 97 to the minus (—) input termi-
nal of Norton operatonal amplifier circuit 60 than is
supplied to the plus (+) input terminal thereof through
input resistor 98 from the positive polarity output termi-
nal of the supply potential source, Norton operational
amplifier circuit 60 is abruptly triggered to the condi-
tion in which the output signal thereof upon junction 53
is of a positive polarity potential level substantially
equal to the supply potential level. This positive polar-
ity potential signal upon junction 53 supplies base-emit-
ter drive current through resistor 99 to NPN transistor
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Darlington pair 19, including an emitter resistor 59, to
trigger this transistor Darlington pair conductive
through the current carrying elements thereof to com-
plete the previously described stator phase winding C
energizing circuit and the potential signal upon junction
65 goes to substantially ground potential, as illustrated
by curve 2D. ~ '

As rotor 8 rotates between times T; and T;, the alter-
nating current potential waveform induced in phase
winding A by the magnetic field of rotating rotor 8 that
appears upon junction 63 continues to increase in a
positive going direction toward the maximum positive
polarity level, as illustrated by curve 2B; the signal upon
junction 64 remains at substantially ground potential as
NPN transistor Darlington pair 17 is still conductive, as

illustrated by curve 2C; and the signal upon junction 65
remains at-substantially ground potential as NPN tran-
sistor Darlington pair 19 is still conductive, as illus-
trated by curve 2D. The increasing potential level upon
Junction 63 between times T; and T3 charges capacitor
91 of commutation circuit 22 through lead 89 and resis-
tor 90. When, at time T3, capacitor 91 has chargedto a
direct current potential level of a magnitude sufficient
to supply more current through input resistor 92 to the
minus (—) input terminal of Norton operational ampli-
fier circuit 50 than is supplied to the plus (+) input
terminal thereof through input resistor 93 from the
positive polarity output terminal of the supply potential
source, Norton operational amplifier circuit 50 is
abruptly triggered to the condition in which the output
signal thereof ‘upon junction 52 is of substantially
ground potential. With a substantially ground potential
signal upon junction 52, NPN transistor Darlington pair
17 is triggered not conductive to interrupt the previ-
ously described stator phase winding B energizing cir-
cuit and capacitor 86 of commutation circuit 21 dis-

charges through diode 94, lead 96 and the emitter-col-

lector electrodes of PNP transistor 95. Upon the inter-
ruption of the stator phase winding B energizing circuit,
the alternating current potential waveform induced in
phase winding B by the magnetic field of rotating rotor
8 is superimposed upon the direct current supply poten-
tial and appears upon junction 64, as illustrated by curve

As rotor 8 rotates between times T3 and Ty, the alter-
nating current potential waveform induced in phase
winding B by the magnetic field of rotating rotor 8 that
appears upon junction 64 passes through B+ from a
negative to a positive polarity direction and further
increases in a positive going direction toward the maxi-
mum positive polarity level, as illustrated by curve 2G;
the signal upon junction 65 remains at substantially
ground potential as NPN transistor Darlington pair 19
is still conductive, as illustrated by curve 2D; and the
alternating current potential waveform induced in
phase winding A by the magnetic field of rotating rotor
8 that appears upon junction 63 increases to and passes
through the maximum positive polarity level and de-
creases in a negative going direction through B+, as
illustrated by curve 2B. The potential waveform upon
Jjunction 63 is followed by a corresponding charge upon
capacitor 69. When, at time Tj, the charge upon capaci-
tor 69 has decreased to a direct current potential level of
a magnitude that is insufficient to supply more current
through input resistor 110 to the minus (—) input termi-
nal of Norton operatonal amplifier circuit 40 than is
supplied to the plus (+) input terminal thereof through
input resistor 88 from the positive polarity output termi-
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nal of the supply potential source, Norton operational
amplifier circuit 40 is abruptly triggered to the condi-
tion in which the output signal thereof upon junction 51
is of a positive polarity potential level substantially
equal to the supply potential level. This positive polar-
ity potential signal upon junction 51 supplies base-emit-
ter drive current through resistor 54 to NPN transistor
Darlington pair 15 to trigger this transistor Darlington
pair conductive through the current carrying elements
thereof to complete the previously described stator
phase winding A energizing circuit and the potential
signal upon junction 63 goes to substantially ground
potential, as illustrated by curve 2B.

As rotor 8 rotates between times T4and Ts, the alter-
nating current potential waveform induced in phase
winding B by the magnetic field of rotating rotor 8 that
appears upon junction 64 continues to increase in a
positive going direction toward the maximum positive
polarity level, as illustrated by curve 2C; the signal
upon junction 65 remains at substantially ground poten-
tial as NPN transistor Darlington pair 19 is still conduc-
tive, as illustrated by curve 2D; and the signal upon
Jjunction 63 renains at substantially ground potential as
NPN transistor Darlington pair 15 is still conductive, as
illustrated by curve 2B. The increasing potential level
upon junction 64 between times T4 and Ts charges ca-
pacitor 100 of commutation circuit 23 through lead 101
and resistor 102. When, at time Ts, capacitor 100 has
charged to a direct current potential level of a magni-
tude sufficient to supply more current through input
resistor 103 to the minus (—) input terminal of Norton
operational amplifier circuit 60 than is supplied to the
plus (+) input terminal thereof through input resistor
98 from the positive polarity output terminal of the
supply potential source, Norton operational amplifier
circuit 60 is abruptly triggered to the condition in which
the output signal thereof upon junction 53 is of substan-
tially ground potential. With a substantially ground
potential signal upon junction 53, NPN transistor Dar-
lington pair 19 is triggered not conductive to interrupt
the previously described stator phase winding C ener-
gizing circuit and capacitor 91 of commutation circuit
22 discharges through diode 104, lead 105 and the emit-
ter-collector electrodes of PNP transistor 106. Upon the
interruption of the stator phase winding C energizing
circuit, the alternating current potential waveform in-
duced in phase winding C by the magnetic field of rotat-
ing rotor 8 is superimposed upon the direct current
supply potential and appears upon junction 65, as illus-
trated by curve 2D.

As rotor 8 rotates between times Tsand T, the alter-
nating current potential waveform induced in phase
winding C by the magnetic field of rotating rotor 8 that
appears upon junction 65 passes through B+ from a
negative to a positive polarity direction and: further
increases in a positive going direction toward the maxi-
mum positive polarity level, as illustrated by curve 2D;
the signal upon junction 63 remains at substantially
ground potential as NPN transistor Darlington pair 15
is still conductive, as illustrated by curve 2B; and the
alternating current potential waveform induced in
phase winding B by the magnetic field of rotating rotor

" 8 that appears upon junction 54 increases to and passes

65

through the maximum positive polarity level and de-
creases in a negative going direction through B4, as
illustrated by curve 2C. The potential waveform upon
junction 64 is followed by a corresponding charge upon
capacitor 73. When, at time T, the charge upon capaci-
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tor 73 has decreased to a direct current potential level of
a magnitude that is insufficient to supply more current
through input resistor 121 to the minus () input termi-
nal of Norton operational amplifier circuit 50 than is
supplied to the plus (+) input terminal thereof through
input resistor 93 from the positive polarity output termi-
nal of the supply potent1a1 source, Norton operational
amphﬁer circuit 50 is abruptly triggered to the condi-
tion in which the output signal thereof upon junction 52
is of a positive polarity potential level substantially
equal to the supply potential level. This positive polar-
ity potential signal upon junction 52 supplies base-emit-
ter drive current through resistor §7 to NPN transistor
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Darlington pair 17 to trigger this transistor Darlington .

pair conductive through the current carrying elements
thereof to comiplete the previously described stator
phase winding B energizing circuit and the potential

signal upon junction 64 goes to substantially ground

potential, as illustrated by curve 2C.

As rotor 8 rotates between times Tgand T4, the alter-

nating current potential waveform induced in phase
winding C by the magnetic field of rotating rotor 8 that
appears upon junction 65 continues to increase in a
positive going direction toward the maximum positive
polarity level, as illustrated by curve 2D; the signal
upon junction 63 remains at substantially ground poten-
tial as NPN transistor Darlington pair 15 is still conduc-
tive, as illustrated by curve 2B; and the signal upon
junction 64 remains at substantially ground potential as
NPN transistor Darlington pair 17 is still conductive, as

illustrated by curve 2C. The increasing potential level

upon junction 65 between times T¢ and T7 charges ca-
pacitor 86 of commutation circuit 21 through lead 84
and resistor 85. When, at time T3, capacitor 86 has
charged to a direct current potential level of a magni-

tude sufficient to supply more current through input

resistor 87 to the minus (—) input terminal of Norton
operational amplifier circuit 40 than is supplied to the
plus (+) input terminal thereof through input resistor
88 from the positive polarity output terminal of the
supply potential source, Norton operational amplifier
circuit 40 is abruptly triggered to the condition in which
the output signal thereof upon junction 51 is of substan-
tially ground potential. With a substantially ground
potential signal upon junction 51, NPN transistor Dar-
lington pair 15 is triggered not conductive to interrupt
the previously described stator phase winding A ener-
gizing circuit and capacitor 100 of commutation circuit
23 discharges through diode 112, lead 115 and the emit-
ter-collector electrodes of PNP transistor 120. Upon the
interruption of the stator phase winding A energizing
circuit, the alternating current potential waveform in-
duced in phase winding A by the magnetic field of
rotating rotor 8 is superimposed upon the direct current
supply potential and appears upon junction 63, as illus-
trated by curve 2B.

The cycle of events just described repeats so long as
the application of supply potential is maintained
through switch 10. Referring to FIG. 2, after initial
rotor start from standstill and beginning with time T>,
stator phase winding C, stator phase winding A and
stator phase winding B are sequentially energized in
that order repeatedly. This sequential stator phase
winding energization produces a rotating magnetic field
in a manner well known in the art that sustains rotor
rotation. For rotor rotation in the opposite direction,
the sequence of stator phase winding energization
would be reversed by reversing the connection of the

0
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terminal end opposite node N of any two of leads 14, 16
and 18.
-It. is apparent from the. foregomg descrxptlon that

-each of commutation circuits 21, 22 and 23 corresponds

to a respective stator phase winding A, B-and C and that
these commutation circuits are responsive to the alter-
nating current phase displaced potential waveforms
induced in stator phase windings A, B and C for sustain-
ing rotor 8 rotation after initial start from standstill by
sequentlally completing and later interrupting the re-
spectxve individual stator phase wmdmg energlzmg
circuits that results in a rotating magnetic field.

Each of commutation circuits 21, 22 and 23 includes
a Norton operational amplifier circuit and an NPN .
transistor Darlington pair. Each combination of Norton
operational amplifier circuit 40 and NPN transistor
Darlington -pair 15 of commutation circuit 21, Norton
operation amplifier circuit 50 -and NPN transistor Dar-

* lington pair 17 of commutation circuit 22 and Norton

20

operational amplifier circuit 60 and NPN transistor
Darlington pair 19 is an electrically operable switching
arrangement that is capable of being operated to first

~ and second operating conditions in response to the ap-
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plication thereto of electrical signals of a value less than
and greater than a predetermined magnitude and is
effective to complete and interrupt the stator phase
winding to which each corresponds when in the first
and second operating conditions, respectively. The
switch point of each is determined by the supply poten-
tial level and the ohmic value of respective input resis-
tors 88, 93 and 98 that determines the predetermined
magnitude that the applied electrical signals must be less -
than and greater than. When the electrical signal ap-
plied to these switching arrangements is of a level less
than the predetermined magnitude, the applied electri-
cal signal supplies less current to the minus (—) input
terminal of the Norton operational amplifier circuit
than is supplied to the plus (+) input terminal, conse-
quently, the switching arrangement is triggered to the
operating condition in which the stator phase winding
energizing circuit for the stator phase winding to which
it corresponds is completed and when the applied elec-
trical signal is of a level greater than the predetermined
magnitude, the applied signal supplies more current into
the minus (—) input terminal of the Norton operational
amplifier circuit than is supplied to the plus (+) input
terminal, consequently, the switching arrangement is
triggered to the operating condition in which the stator
phase winding energizing circuit for the stator phase

‘winding to which it corresponds is interrupted. The

potential waveform induced in stator phase winding A

. is applied to the minus (—) input terminal of Norton
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operational amplifier circuit 40 of the corresponding
switching arrangement through resistor 67, diode 68,
capacitor 69 and resistor 110. The potential waveform
induced in stator phase winding B is applied to the
minus (—) input terminal of Norton operational ampli-
fier circuit 50 of the corresponding switching arrange-
ment through resistor 71, diode 72, capacitor 73 and
resistor 121. The potential waveform induced in stator
phase winding C is applied to the minus (—) input ter-
minal of Norton operational amplifier circuit 60 of the
corresponding switching arrangement through resistor
75, diode 76, capacitor 77 and resistor 97. Thie potential
waveform induced in stator phase winding A is applied
to the minus (—) input terminal of Norton operational
amplifier circuit 50 of the switching arrangement that
corresponds to another stator phase winding B through
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lead 89, resistor 90, capacitor 91 and resistor 92. The
potential waveform induced in stator phase winding B
is applied to the minus (—) input terminal of Norton
operational amplifier circuit 60 of the switching ar-
rangement that corresponds to another stator phase
winding C through lead 101, resistor 102, capacitor 100
and resistor 103. The potential waveform induced in
stator phase winding C is applied to the minus (—) input
terminal of Norton operational amplifier circuit 40 of
the switching arrangement that corresponds to another
stator phase winding A through lead 84, resistor 85,
capacitor 86 and resistor 87.

The combination of resistor 85 and capacitor 86 of
commutation circuit 21 delays the application of the
potential waveform induced in stator phase winding C
to the minus (—) input terminal of Norton operational
amplifier circuit 40 of commutation circuit 21; the com-
bination of resistor 90 and capacitor 91 delays the appli-
cation of the potential- waveform induced in stator
phase winding A to the minus (—) input terminal of
Norton operational amplifier circuit 50 of commutation
circuit 22 and the combination of resistor 102 and ca-
pacitor 100 delays the application of the potential wave-
form induced in stator phase winding B to the minus
(—) input terminal of Norton operational amplifier cir-

" cuit 60 of commutation circuit 23. By changing the
delay introduced by these circuits, the period of con-
duction of each of NPN.transistor Darlington pairs 15,
17 and 19 may be selected. As a result of the delay
introduced by these resistor-capacitor combinations,
each stator phase winding is deenergized at a time after
the next stator phase winding in the sequence is ener-
gized as determined by this delay. These resistor-
capacitor combinations are so designed that each of
capacitors 86, 91 and 100 charge through respective
resistors 85, 90 and 102 at a rate that increases with the
amplitude of the potential waveform induced in the
respective stator phase winding to which each is con-
nected. Consequently, these resistor-capacitor combina-
tions introduce a variable delay that is determined by
the motor speed, the lower the motor speed, the longer
the delay period, and vice versa.

In a manner hereinabove explained in detail, while
the drive system of this invention is sustaining rotor §
rotation in response to the phase displaced potential
waveforms induced .in stator phase windings A, B and
C, Norton operational amplifier circuit 60 is triggered
to the condition in which the output signal thereof upon
Jjunction 53 is of a positive polarity and of a magnitude
substantially equal to supply potential during each nega-
tive half cycle of the potential waveform induced in
stator phase winding C and is triggered to the condition
in which the output signal thereof is substantially
ground potential during each positive half cycle of the
potential waveform induced in stator phase winding C.
This signal is applied through lead 122, resistor 123 and
coupling capacitor 124 to the base electrode of NPN
transistor 32. While this signal is of a positive polarity,
base-emitter drive current is supplied thereby to NPN
transistor 32 to trigger this device conductive through
the collector-emitter electrodes to provide a discharge
path for capacitor 33 during each negative half cycle of
the potential waveform induced in stator phase winding
C. While this signal is of ground potential, coupling
capacitor 124 discharges through diode 125. The RC
time constant of capacitor 33 and charging resistor 34 is

_so arranged that capacitor 33 does not charge to a suffi-
cient potential level to effect the triggering of Norton
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operational amplifier circuit 25 between successive neg-
ative polarity half cycles of the potential waveform
induced in phase winding C. Therefore, so long as the
system of this invention is sustaining rotor rotation in
response to the potential waveforms induced in the
stator phase windings, start circuit 20 is maintained
disabled. Zener diodes 126, 127 and 128 protect respec-
tive NPN transistor Darlington pairs against possibly
destructive high voltage transients.

While a preferred embodiment of the present inven-

. tion has been shown and described, it will be obvious to
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those skilled in the art that various modifications and
substitutions may be made without departing from the
spirit of the invention which is to be limited only within
the scope of the appended claims.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows:

1. A commutatorless direct current motor drive sys-
tem for use with direct current motors of the type hav-
ing a stator including a plurality of phase windings that
may be individually energized by an applied supply
potential through respective individual stator phase
winding energizing circuits arranged for electrical con-
nection across an external supply potential source and a
permanent magnet rotor arranged to be rotated in mag-
netic coupling relationship with the stator phase wind-
ings whereby upon rotor rotation, the rotor magnetic
field induces alternating current potential waveforms in
the stator phase windings that are phase displaced from
each other by the number of electrical degrees deter-
mined by the number of stator phases, comprising:

means for initiating rotor rotation from standstifl

whereby said phase displaced potential waveforms
are initially induced in said stator phase windings;
means connected to said external supply potential
source for producing a reference signal; and '
means responsive to said phase displaced potential
waveforms induced in said stator phase windings
for sustaining rotor rotation by sequentially com-
pleting and later interrupting said respective indi-
vidual stator phase winding energizing circuits,
said means including switching means connected to
each said stator phase winding for effecting the
completion of the said stator phase winding ener-
" -gizing circuit for the said stator phase winding to
which it is connected in response to each negative
- going portion of the said potential waveform in-
duced in that stator phase winding attaining a level
that has a predetermined relationship to said refer-
ence signal and for effecting the interruption of this
energizing circuit in response to a predetermined
potential level of the said potential waveform in-
duced in another one of said stator phase windings
whereby, after initiation of rotor rotation from
standstill, said stator phase windings may be se-
quentially energized and later deenergized in re-
sponse to said phase displaced potential waveforms
induced in said stator phase windings to produce a
rotating magnetic field that sustains rotor rotation.

2. A commutatorless direct current motor drive sys-
tem for use with direct current motors of the type hav-
ing a stator including a plurality of phase windings that
may be individually energized by an applied supply
potential through respective individual stator phase
winding energizing circuits arranged for electrical con-
nection across an external supply potential source and a
permanent magnet rotor arranged to be rotated in mag-
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netic coupling relationship with the stator phase wind-
ings whereby upon rotor rotation, the rotor magnetic
field induces alternating current potential waveforms in
the stator phase windings that are phase displaced from
each other by the number of electrical degrees deter-
mined by the number of stator phases comprising:
means for initiating rotor rotation from standstill
whereby said phase displaced potential waveforms
are initially induced in said stator phase windings;
means connected to said external supply potential
source for producing a reference signal;
an electrically operable switching arrangement con-
nected to each of said stator phase windings that is

capable of being operated to first and second oper-

ating conditions in response to the application

thereto of electrical signals of a value less than and
greater than that of said reference signal and being
effective to complete and interrupt the said stator
phase winding energizing circuit for the said stator
phase winding to which it is connected when in
said first and second operating conditions, respec-
tively; :

means for applying the said potential waveform in-
duced in each of said stator phase windings to the
said switching arrangement connected thereto for
actuating the said switching arrangement to the
operating condition in which the completion of the
said stator phase winding energizing circuit for the
said stator phase winding to which said switching

arrangement is connected is effected during each :

negative going portion of the induced potential
waveform; and

means for applying the said potential waveform in-
duced in each of said stator phase windings to a
said switching arrangement that is connected to

another said stator phase winding for actuating the -

said switching arrangement to which it is applied to
the operating condition in which the interruption
of the said stator phase winding energizing circuit
for the stator phase winding to which said switch-
ing arrangement is connected is effected during
each positive going portion of the induced poten-
tial waveform whereby, after initiation of rotor
rotation from standstill, said stator phase windings
may be sequentially energized and later deener-
gized in response to said phase displaced potential
waveforms induced in said stator phase windings to
produce a rotating magnetic field that sustains
rotor rotation.
3. A commutatorless direct current motor drive sys-
tem for use with direct current motors of the type hav-

ing a stator including a plurality of phase windings that

may be individually energized by an applied supply
potential through respective individual stator phase
winding energizing circuits arranged for electrical con-
nection across an external supply potential source and a
permanent magnet rotor arranged to be rotated in mag-
netic coupling relationship with the stator phase wind-
ings whereby upon rotor rotation, the rotor magnetic
field induces alternating current potential waveforms in
the stator phase windings that are phase displaced from
each other by the number of electrical degrees deter-
mined by the number of stator phases comprising:
means for initiating rotor rotation from standstill
whereby said phase displaced potential waveforms
are initially induced in said stator phase windings;
means connected to said external supply potential
source for producing a reference signal;
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an electrically operable switching arrangement con-
nected to each of said stator phase windings that is
capable of being operated to first and second oper-
ating conditions in response to the application
thereto of respective electrical signals of a value
less than and greater than that of said reference
signal and being effective to complete and interrupt
the said stator phase winding energizing circuit for
the said stator phase winding to which it is con-
nected when in said first and. second operating

conditions, respectively;

means for applying the said potential waveform in-

duced in each of said stator phase windings to the
said switching arrangement connected thereto for
“actuating the said switching arrangement to the
operating condition in which the completion of the
said stator phase winding energizing circuit for the
said stator phase winding to which said switching
arrangement is connected is effected during each
negative going portion of the induced potential
waveform; and

means including variable delay circuit means for ap-

plying the said potential waveform induced in each
of said stator phase windings to a said switching
arrangement that is connected to another said sta-
tor phase winding for actuating the said switching
arrangement to which it is applied to the operating
condition in which the interruption of the said
stator phase winding energizing circuit for' the
stator phase winding to which said switching ar-
rangement is connected is effected during each
positive going portion of the induced potential
waveform whereby, after initiation of rotor rota-
tion from standstill, said stator phase windings may
be sequentially energized and later deenergized in
response to said phase displaced potential wave-
forms induced in said stator phase windings to
produce a rotating magnetic field that sustains
rotor rotation. '

4. A commutatorless direct curreént motor drive sys-
tem for use with direct current motors of the type hav-
ing a stator including a plurality of phase windings that
may be individually energized by an applied supply
potential through respective individual stator phase
winding energizing circuits arranged for electrical con-
nection across an external supply potential source and a
permanent magnet rotor arranged to be rotated in mag-
netic coupling relationship with the stator phase wind-
ings whereby upon rotor rotation, the rotor magnetic
field induces alternating current potential waveforms in
the stator phase windings that are phase displaced from
each other by the number of electrical degrees deter-
mined by the number of stator phases comprising:

means for initiatiating rotor rotation from standstill

whereby said phase displaced potential waveforms
are initially induced in said stator phase windings,
said means including means for producing a first
electrical signal pulse of a predetermined duration
upon the application of supply potential and a sec-
ond opposite polarity electrical signal pulse of a
predetermined duration upon the termination of
said first output signal pulse;

means connected to said external supply potential

source for producing a reference signal;

an electrically operable switching arrangement con-

nected to each of said stator phase windings that is
capable of being operated to first and second oper-
ating conditions in response to the application
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thereto of respective electrical signals of a value
less than and greater than that of said reference
signal and being effective to complete and interrupt
the said stator phase winding energizing circuit for
the said stator phase winding to which it is con-
nected when in said first and second operating
conditions, respectively;

means for applying said first output signal pulse of
said rotor rotation initiating means to a selected
one of said switching arrangements in such a man-
ner as to operate said switching arrangement to the
operating condition in whigh it is effective to com-
plete the said phase winding energizing circuit for
the said phase winding to which it is connected and
to each other one of said switching arrangements in
such a manner as to operate these said switching
arrangements to the operating condition in which
each is effective to interrupt the said stator phase
winding energizing circuit for the said stator phase
winding to which it is connected;

means for applying said second output signal pulse of
said rotor rotation initiating means to another se-
lected one of said switching arrangements in such a
manner as to operate said switching arrangement to
the operating condition in which it is effective to
complete the said phase winding energizing circuit
for the said phase winding to which it is connected
to initiate rotor rotation;

means for applying the said potential waveform in-
duced in each of said stator phase windings to the
said switching arrangement connected thereto for
actuating the said switching arrangement to the
operating condition in which the completion of the
said stator phase winding energizing circuit for the
said stator phase winding to which said switching
arrangement is connected is effected during each
negative going portion of the induced potential
waveform;

means for applying the said potential waveform in-
duced in each of said stator phase windings to a
said switching arrangement that is conneted to
another said stator phase winding for actuating the
said switching arrangement to which it is applied to
the operating condition in which the interruption
of the said stator phase winding energizing circuit
for the stator phase winding to which said switch-
ing arrangement is connected is effected during
each positive going portion of the induced poten-
tial waveform whereby, after initiation of rotor
rotation from standstill, said stator phase windings
may be sequentially energized and later deener-
gized in response to said phase displaced potential
waveforms induced in said stator phase windings to
produce a rotating magnetic field that sustains
rotor rotation; and

10

20

25

30

45

35

60

65

18

means for disabling said rotor rotation initiating
means while said rotor is rotating in response to
said phase displaced potential waveforms.
5. A commutatorless direct current motor drive sys-
tem for use with direct current motors of the type hav-
ing a stator including a plurality of phase windings that
may be individually energized by an applied supply
potential through respective individual stator phase
winding energizing circuits arranged for electrical con-
nection across an external supply potential source and a
permanent magnet rotor arranged to be rotated in mag-
netic coupling relationship with the stator phase wind-
ings whereby upon rotor rotation, the rotor magnetic
field induces alternating current potential waveforms in
the stator phase windings that are phase displaced from
each other by the number of electrical degrees deter--
mined by the number of stator phases comprising:
means for initiating rotor rotation from standstill
whereby said phase displaced potential waveforms
are initially induced in said stator phase windings;

means connected to said external supply potential
source for producing a reference signal;

means responsive to said phase displaced potential

waveforms induced in said stator phase windings
for sustaining rotor rotation by sequentially com-
pleting and later interrupting said respective indi-
vidual stator phase winding energizing circuits,
said means including switching means connected to
each said stator phase winding and means for ap-
plying to the said switching means connected to
any said stator phase winding both the said poten-
tial waveform induced in the said stator phase
winding to which said switching means is con-
nected and the said potential waveform induced in
another said stator phase winding with said switch-
ing means being so arranged as to be operative to
effect the completion of the said stator phase wind-
ing energizing circuit for the said stator phase
winding to which it is connected in response to
each negative going portion of the said potential
waveform induced in that stator phase winding
attaining a level that has a predetermined relation-
ship to said reference signal and to effect the inter-
ruption of this energizing circuit in response to a
predetermined potential level during each positive
going portion of the said potential waveform in-
duced 'in said another said stator phase winding
whereby, after initiation of rotor rotation from
standstill, said stator phase windings may be se-
quentially energized and later deenergized in re-
sponse to said phase displaced potential waveforms
induced in said stator phase windings to produce a
rotating magnetic field that sustains rotor rotation;
and

means for disabling said rotor rotation initiating

means while said rotor is rotating in response to

said phase displaced potential waveforms.
* ¥ k¥ * %k
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